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 INTRODUCTION 
 Malaria is a serious public health problem in the tropical and 
sub-tropical regions of the world. Five human malaria parasite 
species exist, but attention is commonly focused on the most 
virulent and lethal species infecting humans,  Plasmodium fal-
ciparum. However, in recent years the importance of  P. vivax 
as the cause of significant morbidity and relapse of malaria 
has been increasingly recognized. 1, 2 The publication of the 
complete nuclear genome sequence of the  P. vivax strain 
Salvador-1 (Sal-1) opened the way for new studies of this spe-
cies, 3 for instance studies of genetic diversity, which can be 
used as an indicator of population stability. New knowledge 
of the transmission dynamics of local parasite populations and 
understanding of how they are interconnected or isolated is 
important in development of suitable and effective control 
strategies against  Plasmodium species, which will eventually 
expand our knowledge of the global distribution and diversity 
of  P. vivax populations. 
 In this study, we have evaluated parasite genetic diversity and 
possible geographical clustering of  P. vivax parasites in Sri Lanka. 
On the island, the two malaria species  P. falciparum and  P. vivax 
are present, with  P. vivax being the dominating species caus-
ing about 90–95% of all malaria infections. 4, 5 Throughout his-
tory, the malaria situation in Sri Lanka has been fluctuating and 
unstable with occasional epidemics, but during the last decade 
prevalence of malaria has decreased dramatically from 210,000 
confirmed malaria cases in 2000 to 558 in 2009. 5 The dramatic 
decrease in reported malaria cases led Sri Lanka to embark 
on the malaria pre-elimination stage in 2008, with the target of 
zero incidences of locally acquired malaria infections through 
deliberate intervention measures to prevent re-establishment of 
transmission. 6, 7 An important factor in this strategy is constant 
identification and surveillance of transmission hotspots, and the 
analysis of genetic diversity can assist in doing this. 
 Genetic diversity in  Plasmodium parasites has been esti-
mated by studies of allelic variation of polymorphic micro-
satellite (MS) markers and/or various antigen loci. The MS 
markers are strings of repetitive DNA (usually non-coding) 
that possess high polymorphism caused by strand slip-
page during DNA replication. They are scattered across the 
 Plasmodium genomes and have use as selectively neutral 
markers except when in proximity to drug resistance genes or 
similarly selected loci. 8 The antigen loci have been used fre-
quently in studies of genetic diversity, recently often in com-
bination with MS loci, but unlike MS loci these are subject to 
immune selection and thus are not selectively neutral. Several 
polymorphic genes have been used to examine genetic diver-
sity in natural populations of  P. vivax , whereof the  P. vivax 
merozoite surface protein -3α ( Pvmsp -3α) gene is one of the 
most polymorphic genes analyzed to date. 4, 9– 13 It is a potential 
vaccine candidate and has been frequently used in population 
studies since first described in 1999. 14, 15 Studies have revealed 
that the  Pvmsp -3α is a member of the  msp -3 family, which 
includes the three structurally related proteins;  Pvmsp -3α, β, 
and γ. 16, 17 It encodes a merozoite surface protein weighing 
between 148 and 150 kD with an alanine-rich central domain 
responsible for the size polymorphism caused by deletions, 
small insertions, and single nucleotide polymorphisms. 17– 19 
 The genetic diversity of the included  P. vivax samples 
( N = 386) was studied by analyzing the allelic diversity of three 
loci; the  Pvmsp -3α gene and two MS loci, m1501 located on 
chromosome 1 with a 7-bp tandem repeat and m3502 located 
on chromosome 3 with an 8-bp tandem repeat. 20 The MS loci 
have high diversity and long repeat lengths, 20, 21 which enable 
an easy distinction between different alleles/genotypes, com-
pared with, for example, mono-, di-, and trinucleotide repeats. 
In this work, we studied the geographical clustering of geno-
types, with the objective of evaluating the level of polymor-
phism of these three loci in samples from a restricted area, and 
to create a better understanding of the epidemiology of vivax 
malaria in Sri Lanka. 
 MATERIALS AND METHODS 
 Study area and samples.  In the main study period (September 
2004–March 2006), a total of 2,717  P. vivax infections were 
recorded by the Anti Malaria Campaign (AMC), of which 
2,149 cases were from the nine districts included in this study, 
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with the majority being collected in the North-central district 
Anuradhapura ( Figure 1 ). 22 However, the number of samples 
collected per district is not a standardized indicator of malaria 
incidence in the individual districts. It was influenced by 
the efforts to detect cases by AMC and health care services 
personnel, and the wide seasonally and yearly fluctuations in 
malaria prevalence across Sri Lanka. 23 
 Generally, the country can be divided into three climatic 
zones; dry, wet, and intermediate, with the highest level of 
malaria transmission found mainly in the dry zone, which spans 
a large area from North to South, but malaria transmission 
also includes the smaller intermediate zone. 24 Another signifi-
cant factor is political instability in the northern and eastern 
parts of Sri Lanka, which has resulted in poor health care pro-
vision in many parts up to the end of the war 2 years ago. 
 The  P. vivax positive samples originate from individuals 
seeking treatment of malaria at government health facilities 
located in nine different malarious districts across Sri Lanka. 22 
Finger-prick blood samples were collected routinely and dried 
on filter paper by staff at the facilities trained by the AMC, 
mainly from September 2004 to March 2006, thereby includ-
ing the malaria peak transmission season in January and the 
shorter transmission period around July. 25 Additionally, 11 sam-
ples from the district Mannar collected in 2002, one from the 
district Anuradhapura collected in 2003, and a single sample 
from Kurunegala collected in 2007 were included in the study. 
The number of samples collected from each of the nine districts 
varied: Ampara ( N = 7), Anuradhapura ( N = 183), Batticaloa 
( N = 14), Kurunegala ( N = 48), Mannar ( N = 15), Monaragala 
( N = 3), Polonnaruwa ( N = 51), Trincomalee ( N = 58), and 
Vavuniya ( N = 7). Four samples from Anuradhapura and one 
from Vavuniya were included in the study, although only the 
year, and not specific collection date, was known. The extrac-
tion of DNA was carried out by the chelex-100 method. 22 
 Amplification of the  Pvmsp -3α gene.  Primers (0.1 μM) for 
the primary and nested polymerase chain reaction (PCR), 
used to amplify three major size fragments of the  Pvmsp -3α 
gene (referred to as A, B, and C), are described in Bruce 
and others. 14 Amplification was carried out in a volume of 
20 μL containing 1 μL template, 10 μL TEMPase Hot Start 
Master Mix (Ampliqon, Skovlunde, Denmark), 1 mM MgCl 2 
(Eppendorf, Hoersholm, Denmark), and H 2 O. The thermal 
cycling conditions for the primary PCR were as follows: Initial 
denaturation at 94°C for 15 min, followed by 35 cycles of 94°C 
for 30 s, 53°C for 30 s, and 72°C for 2.5 min., and subsequently 
a 5 min extension step at 72°C. The secondary PCR was the 
same as the primary PCR conditions, but using 1 μL of DNA 
from the primary reaction and with an annealing temperature 
at 57°C for only 30 cycles. 
 The PCR products were visualized under UV illumination 
after electrophoresis on a 0.8% agarose gel containing ethid-
ium bromide. Positive controls for the PCR were  P. vivax -con-
firmed DNA used in previous studies 22 and for the negative 
control samples  P. falciparum DNA was used. 
 Amplification of the microsatellite loci m1501 and m3502. 
 Two MS loci, m1501 and m3502, were amplified by semi-
nested PCR and analyzed on an ABI 3730 XL genetic analyzer 
(Applied Biosystems, Foster City, CA), with a FAM fluorescent-
labeled inverse primer. The primers are described by Imwong 
and others (2007). 20 The primary reaction included 1 μL tem-
plate, 0.5 unit Taq polymerase, 1.1 μL Thermopol Reaction 
buffer (New England Biolabs Inc., Glostrup, Denmark), and 
0.4 μM dNTPs, 0.1 μM of forward (F), and reverse primers 
(R) with cycling conditions as follows: 2 min at 94°C and then 
25 repeated cycles of 30 s at 94°C, 30 s at 42°C, 30 s at 40°C, 
and 40 s at 65°C followed by 2 min at 65°C and a minimum 
of 10 min at 15°C. In the secondary PCR, the same concen-
trations of reagents were added, but with 0.15 μM of reverse 
primers (R) and fluorescent-labeled inverse primers (I). The 
cycling conditions were initiated with 2 min at 94°C followed 
by 25 repeated cycles of 20 s at 94°C, 20 s at 45°C, 30 s at 
65°C, and finished with 2 min at 65°C and 10 min at 15°C. 
 Restriction fragment length polymorphism (RFLP) analysis 
of the amplified products of the  Pvmsp -3α gene.  Digestion 
of the  Pvmsp -3α gene with restriction enzyme  Hha I (New 
England Biolabs Inc.) further divided the major-genotypes 
into different sub-genotypes, using the procedure described 
by Bruce and others (1999). 14 
 A sample was considered unmixed/single if the number and 
size of bands observed was consistent with the presence of a 
single allelic sequence, i.e., 1–3 bands of fragment sizes ranging 
between 150 and 600 bp, and the sum of the bands per sample 
equalized ≤ 1.9 kb ( Figure 2 ). If more bands than expected 
were seen per sample and the total size of bands exceeded 
1.9 kb, the sample was considered mixed. 
 Data analysis of the microsatellite loci.  The length of the 
MS alleles was measured by reference to the Genescan 500 
Liz size standard (Applied Biosystems), using Genemapper 
version 3.2 (Applied Biosystems). 
 In the cases where multiple (≥ 2) microsatellite alleles were 
detected in a single sample only one allele was used for fur-
ther analysis. When the electropherogram peak height of the 
minor allele was half the size (or less) of the major/predomi-
nant allele, the major allele was chosen to represent the sam-
ple. If the electropherogram peak height of the minor allele 
was more than half the height of the major allele, the allele 
 Figure 1.  Genetic diversity of the microsatellite m3502 in nine 
districts of Sri Lanka. The number of positive samples from each dis-
trict is mentioned in brackets. The districts from where the samples 
were collected are mentioned, together with the geographical location 
of the districts; N = North, NW = North-west, NC = North-central, 
E = East, and SE = South-east . 
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to represent the major one was chosen by computerized 
randomization. 
 Statistical analysis.  Genetic diversity of the Sri Lankan 
 P. vivax population was examined by calculating expected 
heterozygosity (H e ) of each locus, isolation by distance (IBD), 
and pairwise fixation index ( F ST ). The software used for the 
calculations were Excel add-in MS Toolkit software, Fstat ver-
sion 2.9.3 and Arlequin. 26– 28 Pairwise  F ST estimates, with 10.000 
permutations, were calculated with significance based on a 
permutation process, 26 and used as a measure of genetic differ-
entiation between populations (districts). To test for IBD, pair-
wise  F ST /(1- F ST ) were plotted against the natural logarithm of 
the geographic distance between paired sites and a test for IBD 
performed by use of a Partial Mantel Test (10.000 permuta-
tions) were performed. 27 The IBD calculations were performed 
using samples from the five districts with the highest number 
of samples, including both single and mixed infections, and 
pairwise  F ST estimates based on the combined 3-loci genotype. 
Furthermore, the geographical distances between each main 
collection site (hospital) for each district was calculated by use 
of Google Earth. 29 To test for linkage disequilibrium (LD), the 
MS Toolkit and Arlequin software was used. These detect the 
presence of significant non-random association between alleles 
at the two loci, m1501 and m3502, which is measured by the for-
mula  D ′  = D/D max . 
26 The LD coefficient,  D , measures derivation 
of random association between alleles at different loci, while  D ′ 
equals  D standardized by the maximum value ( D max ), given the 
allele frequencies. The  D ′ coefficient ranges from -1 to +1, with 
the value 1 referring to a complete non-random association 
between the alleles. Only unmixed samples were used for the LD 
analysis. 
 RESULTS 
 Genetic diversity of the  Pvmsp -3α gene.  Of the 386  P. vivax 
samples available, 314 (81.3%)  Pvmsp -3α fragments were 
successfully PCR amplified. The fragments varied in size from 
~1.9kb (A) to 1.4kb (B), and 1.1 kb (C) with 4.8% ( N = 15) 
being mixed. The vast majority of the samples carried the A 
major-genotype ( N = 266, 84.4%), whereas only 13.1% ( N = 
41) and 2.2% ( N = 7) of the samples carried the B and C types, 
respectively. A refinement of the allelic diversity was obtained 
by digestion with restriction enzyme  Hha I which subdivided 
the A-type alleles into nine allelic variants named A1–A9 
(Figure 2, Table 1). The sub-classification of A alleles resulted 
in an increased detection rate of mixed samples to 8.0% 
( N = 25/311). The B and C alleles did not digest into further 
alleles. The distribution of the three major- and 11 sub-types 
were unevenly distributed across Sri Lanka as shown in  Table 1 . 
The A type was found in all districts, but at different frequencies; 
from complete dominance in the NW and SE districts to only 
25% in the North (Mannar). The most common sub-genotype, 
A1, accounted for 42% of the A-type alleles, and this allele 
also varied in prevalence across the island. Two alleles were 
district specific, the A5 allele in the eastern Polonnaruwa 
district and the A9 allele in the two northern districts Mannar 
and Trincomalee ( Table 1 ). Other alleles were more widely 
dispersed, either at districts geographically far from each other 
or clustered mainly in Northern and Eastern districts. Likewise, 
an uneven distribution of the B and C type alleles was observed 
( Table 1 ). After digestion, significant between-districts 
differentiation was confirmed for all district comparisons 
with  F ST estimates between 0.12 and 0.44 ( P < 0.0001) 
( Table 2 ). 
 Genetic diversity of the microsatellite loci and isolation 
by distance.  Significant diversity was observed at the two 
MS loci, m1501 and m3502. At the m1501 locus, 352 samples 
were amplified and a total of 24 different alleles were found 
(H e = 0.85), with 21.0% found to be mixed ( N = 74) ( Table 3 ). 
One common allele, “128,” observed in 32.7% ( N = 115) of 
all isolates and with significant variation in frequency across 
the island ( Table 4 ). Some alleles were district specific and 
only found once, whereas others were present in 2–6 districts 
( Table 4 ). Likewise, the H e values differed between the 
districts from 0.68 to 0.88 ( Table 3 ). The highest H e estimate 
was found in Mannar, though low sample size and long time 
span of collection might bias the result. 
 At the m3502 locus, eight alleles were found among the 357 
amplified samples (H e = 0.74,  Table 3 ) and only 6.2% ( N = 22) 
of samples were found to be mixed. The geographical distri-
bution of alleles is shown in  Figure 1 . No obvious geographi-
cal isolation was observed, although there was a tendency of 
allele “199” to be dominating in Kurunegala, and allele “159” 
to be more common in the Northern districts (Figure 1 ). Allele 
“151” was the most commonly observed allele with an overall 
frequency of 44.5% ( N = 159), and was present in all districts 
with frequencies ranging from 14.3% to 100% across the coun-
try. The maximum number of different alleles observed per 
district was seven (Anuradhapura and Polonnaruwa). As with 
the m1501 loci, the district-wise H e estimates differed, ranging 
from 0.46–0.87, with samples from Kurunegala possessing the 
lowest H e estimates, while samples from Mannar possessed the 
highest H e estimates ( Table 3 ). 
 Isolation by distance was calculated to determine any rela-
tionship between genetic diversity and geographical distance 
between districts, however no significant association was 
found using the Partiel Mantel Test ( P = 0.73). 
 All H e and  F ST calculations were performed both by includ-
ing and excluding mixed samples. Because either no, or minor, 
 Figure 2.  Restriction fragment length polymorphism (RFLP) 
with restriction enzyme  Hha  I of selected  pvmsp -3α alleles in eight 
different  Plasmodium vivax samples from Sri Lanka. With exclusion 
of bands above 600 bp, and below 150 bp, the estimated allele sizes of 
the A variants are; A1 (510, 270, 200), A2 (480, 270, 230), A3 (500, 480), 
A4 (500, 400), A5 (250, 210), A6 (400, 270, 200), A7 (510, 360), A8 (360, 
270, 230), and A9 (440, 260, 210). A5 and A9 are not shown. The letters 
B and C refers to the other teo major-genotypes. DNA size markers 
are shown in lanes labeled “M” with sizes shown in basepairs (bp). 
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effect of excluding the mixed infections was found, the results 
described in the text, tables, and figures are based on the total 
sample set, unless mentioned otherwise. 
 Temporal differentiation.  To test if years of sample collection 
had an effect on the observed genetic differentiation across 
Sri Lanka, two tests were performed. First, the within-district 
diversity per locus for each of the 3 years (2004–2006) with 
the highest number of analyzed samples was analyzed by cal-
culation of H e estimates ( Table 3 ). The difference in genetic 
diversity between the 3 years was minor, although differences 
in samples sizes might bias the calculations. Second, the samples 
from the following districts were divided into years to test for 
any genotypic differences between the years, measured by  F ST : 
Anuradhapura (2004, 2005, and 2006), Polonnaruwa (2004 and 
2005), Kurunegala (2005 and 2006), and Trincomalee (2005 
and 2006) (data not shown). The remaining districts were not 
analyzed because of sample size limitations. Solely the 2-loci 
MS genotypes were used for the  F ST calculations, because 
3-loci genotypes narrowed down sample size too much. The 
only temporal differentiation was found in Kurunegala, 
although with low  F ST estimates ( F ST = 0.15,  P = 0.007) and 
Anuradhapura ( F ST = 0.01,  P = 0.049). 
 Since the majority of samples from Mannar were collected in 
2002 ( N = 11), thus beyond the main sample collection period 
from 2004 to 2006, temporal changes in this particular district 
has been investigated separately. Results from PCR and RFLP 
of the  Pvmsp -3α gene revealed a possible switch from the B 
type in 2002 to the A and C type in 2004–2005. The two MS 
markers did not reveal any radical change, although the m165 
allele dominated at the m1501 locus in 2002, while absent in 
2004–2005. However, the low sample sizes hindered any sta-
tistical calculations. 
 Linkage disequilibrium.  When variation at the two unlinked 
MS markers was combined and the resulting 2-loci genotype 
was analyzed, substructuring in the total sample set was 
apparent ( Table 5 ). In particular, certain 2-loci genotypes 
dominated in specific districts, e.g., the “128-151” genotype in 
Anuradhapura, the “241-199” genotype in Kurunegala, and the 
“179-159” genotype in Trincomalee ( Table 5 ). Therefore, LD 
was calculated for the total Sri Lankan  P. vivax population, and 
by district and year. For all LD calculations, the unmixed sample 
set was used, whereas only the alleles occurring more than two 
times were included in the LD calculation. Despite the different 
chromosomal location, highly significant LD was found between 
the “206-142” and “241-199” genotypes ( D ′  = 1,  P < 0.0001) when 
pooling all samples from Sri Lanka ( Table 5 ). When calculating 
LD district wise, a significant LD could be detected for certain 
2-loci genotypes in Anuradhapura, Polonnaruwa, Trincomalee, 
and Kurunegala ( D ′ = 1,  P < 0.0001). 
 DISCUSSION 
 The last decade has seen significant advancements in  P. vivax 
research, but much is still unknown about the epidemiology 
and diversity of  P. vivax parasites in natural populations. This 
study investigated the level of allelic diversity at the  Pvmsp -3α 
gene and two MS markers in 386  P. vivax field samples from 
nine districts in Sri Lanka. 
 Table 1 
 Genetic diversity of the  Pvmsp -3α gene in  Plasmodium vivax samples from nine districts of Sri Lanka analyzed with restriction fragment length 
polymorphism (RFLP) * 
 Pvmsp -3α Kurunegala (NW) Anuradhapura (NC) Mannar (N) Vavuniya (N) Trincomalee (E) Polonnaruwa (E) Batticaloa (E) Ampara (E) Monaragala (SE) All districts
A1 1 88 1 15 6 1 111
A2 5 18 45 1 15 2 2 2 45
A3 6 2 16 3 4 1 16
A4 11 16 4 1 16
A5 1 1
A6 5 5 20 30
A7 1 4 3 4 12
A8 23 2 2 3 30
A9 1 1 2
B 19 7 1 11 1 2 41
C 2 1 3 1 1 7
 N /alleles 34/4 149/8 12/4 6/3 49/9 45/7 9/6 5/3 2/1 311/11
 * The districts from where the samples were collected are mentioned, together with the geographical location of the districts; N = North, NW = North-west, NC = North-central, E = East, and SE = 
South-east. The total number of positive samples and alleles are mentioned in the last row of the figure. 
 Table 2 
 Genetic differentiation between  Plasmodium vivax parasites sampled in five districts in Sri Lanka estimated by pairwise fixation index,  F ST * 
 Pvmsp -3α m1501 m3502 m1501–3502 3 loci
Locations compared  F ST  F ST  F ST  F ST  F ST 
Anuradhapura/Kurunegala 0.39  *** 0.24  *** 0.24  *** 0.21  *** 0.17  *** 
Anuradhapura/Mannar 0.31  *** 0.14  ** 0.14  ** 0.11  ** 0.09  *** 
Anuradhapura/Polonnaruwa 0.16  *** 0.06  ** 0.06  ** 0.09  *** 0.08  *** 
Anuradhapura/Trincomalee 0.15  *** 0.19  *** 0.19  *** 0.15  *** 0.13  *** 
Kurunegala/Mannar 0.44  *** 0.22  ** 0.22  *** 0.19  ** 0.13
Kurunegala/Polonnaruwa 0.30  *** 0.25  *** 0.25  *** 0.20  *** 0.13  *** 
Kurunegala/Trincomalee 0.29  *** 0.27  *** 0.27  *** 0.24  *** 0.19  *** 
Mannar/Polonnaruwa 0.12  *** 0.08 0.08 0.05 0.03
Mannar/Trincomalee 0.26 *** 0.12 * 0.12 * 0.11  ** 0.10
Polonnaruwa/Trincomalee 0.17  *** 0.14  *** 0.14  *** 0.12  *** 0.10  *** 
 * The 3 loci mentioned are the gene  Pvmsp -3α after restriction fragment length polymorphism (RFLP), and the two microsatellites m1501 and m3502.  P values ≤ 0.0033 are considered signifi-
cant after Bonferroni multiple test correction, and are marked with asterisks; * < 0.003–0.001, ** < 0.001–0.0001, and *** < 0.0001. The non-significant  P values, after Bonferroni correction, range 
from 0.180 to 0.004. 
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 The  Pvmsp -3α gene was found to be a highly polymor-
phic marker as shown by other  P. vivax population stud-
ies from India, Sri Lanka, Thailand, Iran, and Papua New 
Guinea. 4, 9– 13, 30 Using only PCR, three allelic types (A, B, and C) 
were identified and these revealed low and significant dif-
ferentiation within and between populations in Sri Lanka. 
Although the A and B types were scattered across the coun-
try, the C type was more commonly observed in the Northern 
and some Eastern districts of Sri Lanka ( Table 1 ). Because 
a high number of C alleles have been found in India, 12 it 
could be hypothesized that this allelic variant is transferred 
by migration of people between Sri Lanka and India, mainly 
the Indian state Tamil Nadu where many refugees moved 
to, although the malaria transmission in this area was low at 
the time of the armed conflict (Konradsen F, personal com-
munication). Conversely, the limited similarity in  P. vivax 
populations between Mannar and the more Southern popu-
lations might signal isolation caused by the long-lasting con-
flict in the Northern, North-eastern, and some Eastern parts 
of Sri Lanka. With the exception of the constant movement 
of armed services personnel who might have transported 
 P. vivax infections around, the conflict has severely hindered 
the movement of people, and thereby parasites, back and 
forth between the affected areas. However, a recent study of 
the  Pvmsp -3α gene examined 13 samples collected in 2000 in 
Kataragama in the Southern Sri Lanka, and it detected A ( N = 
11) and C ( N = 2) variants. 4 Although the sample size was 
small, the presence of the C variant and absence of B variant 
may suggest that the regional trend we observe may not be 
consistent from year to year and varies at more local levels. In 
this study, the low number of C types detected was unusual and 
differs from observations from other groups. 4, 10 , 12, 18 , 31 , 32 
 Digestion of the nested  Pvmsp -3α PCR products with  Hha 
I revealed further genetic variation within the A-type allele. 
 Table 3 
 Genetic diversity, measured by expected heterozygosity (H e ), of  Plasmodium vivax parasites collected in districts in Sri Lanka, by each of the three 
 P. vivax loci; the gene  Pvmsp -3α (after restriction fragment length polymorphism [RFLP]), and the two microsatellites m1501 and m3502, and 
the combined 2-MS and 3-loci genotypes * 
 Pvmsp -3α m1501 m3502 m1501–3502  Pvmsp -3α-m1501–m3502
Kurunegala (NW) 0.51 (34/4) 0.68 (41/7) 0.46 (42/3) 0.69 (30/9) 0.78 (29/10)
Anuradhapura (NC) 0.62 (149/8) 0.74 (176/16) 0.63 (176/7) 0.82 (172/29) 0.86 (142/43)
Mannar (N) 0.65 (12/4) 0.88 (15/8) 0.87 (15/6) 0.97 (15/12) 0.98 (12/11)
Trincomalee (E) 0.74 (49/9) 0.75 (51/8) 0.66 (55/5) 0.82 (50/15) 0.83 (44/17)
Polonnaruwa (E) 0.81 (45/7) 0.77 (48/14) 0.78 (51/7) 0.90 (48/19) 0.95 (42/24)
H e , 9 districts 0.81 (311/11) 0.85 (352/24) 0.74 (357/8) 0.92 (336/63) 0.95 (279/95)
2004 0.67 (109/8) 0.73 (116/17) 0.67 (119/7) 0.83 (115/28) 0.88 (106/40)
2005 0.83 (154/10) 0.87 (180/20) 0.71 (176/7) 0.93 (167/41) 0.96 (134/59)
2006 0.65 (36/6) 0.77 (40/9) 0.60 (46/5) 0.78 (38/12) 0.84 (28/11)
2004–2006 0.81 (299/11) 0.85 (336/24) 0.73 (341/8) 0.91 (320/60) 0.94 (268/88)
 * The first 6 rows mention the genetic diversity per each of the five districts with sample sizes above 10 samples, and for all districts, whereas the last 4 rows of the table mention genetic diver-
sity per 2004, 2005, and 2006, and for 2004–2006. In brackets are mentioned number of positive samples and alleles by locus and district. The geographical locations are abbreviated as; N = North, 
NW = North-west, NC = North-central, and E = East. 
 Table 4 
 Distribution of 24 alleles at the m1501 microsatellite locus among 9 districts in Sri Lanka * 
m1501 Kurunegala (NW) Anuradhapura (NC) Mannar (N) Vavuniya (N) Trincomalee (E) Polonnaruwa (E) Batticaloa (E) Ampara (E) Monaragala (SE) All districts
79 1 1
86 1 1
93 1 1
100 2 7 2 2 13
107 11 2 1 11 16 1 42
114 2 1 1 1 2 7
128 4 83 2 6 17 3 115
139 3 1 4
142 1 1
150 18 4 2 1 1 26
158 1 3 1 5
165 1 5 2 2 10
172 3 1 4
179 1 1 22 1 25
185 7 4 1 12
192 1 2 3
199 4 1 5
206 6 1 1 8
213 1 1 2
220 4 1 5
227 1 28 1 1 31
241 22 3 25
247 4 1 5
283 1 1
N/alleles 41/7 176/16 15/8 7/5 51/8 48/14 7/5 5/4 2/1 352/24
 *  Sample size and number of different alleles by district and for all 9 districts are included in the table. In brackets are abbreviations of regional location of the districts; N = North, NW = North-
west, NC = North-central, E = East, and SE = South-east. 
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None of the digestion patterns correspond to that reported 
for the reference strains Belem and Sal-1. 14 The trend of sub-
structuring was further validated with this technique, with a 
few alleles being district specific while others were more com-
monly distributed with diverging frequencies. Differentiation 
between districts revealed significant differences with  F ST esti-
mates between 0.15 and 0.44 ( P < 0.0001). Focusing solely on 
the A alleles, this study detected nine different digestion pat-
terns, with allele A1 as the predominant allele. The dominance 
of a few alleles is also seen in another study from Sri Lanka, 30 
and limits the usefulness of the  Pvmsp -3α gene as a solitary 
marker for studies aiming at distinguishing between individual 
parasites, e.g., when evaluating parasites’ drug response where 
highly polymorphic loci are needed . 
 The polymorphism at two MS loci, m1501 and m3502, 
was analyzed to test the validity of conclusions based on the 
 Pvmsp -3α gene using markers that are highly polymorphic 
yet selectively neutral . 20, 21 The two markers showed different 
levels of polymorphism, the m1501 being three times more 
polymorphic than m3502. The trend of m1501 being the most 
polymorphic marker corresponds with a recent study from 
Papua New Guinea, which found m1501 to be more polymor-
phic than m3502, though with a difference in polymorphism 
of only 1.5 times (m1501  N = 19, m3502  N = 13 allelic vari-
ants). 21 Another study, including samples from South America 
and Asia, reports the m3502 to be 1.4 times more polymor-
phic than m1501 (m3502  N = 23, m1501  N = 17 allelic vari-
ants). 20 Furthermore, the latter study observed a much higher 
diversity among the Asian samples compared with the South 
American samples, with 10 m1501 and 16 m3502 allelic vari-
ants specific for the Asian samples. Thus, the diversity of these 
MS markers seems to be determined by origin and parasite 
population rather than an intrinsic property of the locus 
itself. 
 In this study, the diversity by locus differed remarkably 
between populations. It was generally high in all districts apart 
from Kurunegala, which possessed the lowest allelic diver-
sity and the greatest allelic distinctiveness from other popula-
tions. The temporal distribution of alleles on the two MS loci 
within Kurunegala was examined and clearly showed that a 
specific 2-loci genotype increased in frequency from 2005 to 
2006 (data not shown). Together with calculation of a highly 
significant LD between these alleles in Kurunegala, it might 
indicate an epidemic expansion of this specific  P. vivax gen-
otype. Interestingly, an actual outbreak of vivax malaria in 
Kurunegala during November 2005 to February 2006 has been 
reported, which might explain our results. That MS loci are 
useful for mapping substructuring and site-specific outbreaks 
have also been reported by a recent study from Sri Lanka, 
Myanmar, and Ethiopia. 33 
 When combining all three loci, the mean diversity in five of 
the districts was high, although a low but distinct population 
differentiation existed between most districts. Analyzing the 
between-districts differentiation confirmed statistically the 
presence of substructuring between all districts, though any 
isolation caused by geographical distance could not be con-
firmed by regression analysis. When evaluating the within-
district diversity this further revealed clear district specificity 
of the alleles. This trend was especially apparent in the dis-
trict of Kurunegala, which stands out from the others as rel-
atively undiverse, with the lowest H e of all districts and a 
strong LD between specific MS alleles. All of these observa-
tions emphasize the presence of high genetic diversity and 
spatial and temporal substructuring in Sri Lanka, despite 
the low malaria transmission intensities. This corresponds 
with the finding of up to 22 different  Pvmsp -3α genotypes 
among 196 samples collected in three districts in Sri Lanka, 30 
and another study from Sri Lanka detecting high complex-
ity of the  Pvmsp -1 gene ( N = 95). 34 On the other hand, it 
contradicts studies of genetic diversity in  P. falciparum , 
wherein a positive relationship between genetic complex-
ity and transmission intensities is found. 35, 36 However, the 
genetic complexity of local  P. vivax parasites might be less 
associated with transmission intensities, possibly because 
 Table 5 
 Genetic diversity for the combined genotype of the two microsatellite loci, m1501 and m3502 for all districts analyzed in Sri Lanka * 
m1501–m3502 Kurunegala (NW) Anuradhapura (NC) Mannar (N) Vavuniya (N) Trincomalee (E) Polonnaruwa (E) Batticaloa (E) Monaragala (SE) All districts
128–151 3 48 2 5 58
241–199† 16 3 19
179–159 17 17
107–167 4 1 10 15
107–151 3 8 3 14
227–199 1 13 14
227–151 12 1 13
150–215 11 11
128–199 7 3 10
100–151 1 6 1 1 9
185–167 5 3 1 9
128–191 1 5 6
206–142† 6 6
150–167 3 1 4
220–142 4 4
114–151 1 2 3
158–159 2 1 3
165–151 1 2 3
165–191 1 2 3
179–199 1 2 3
n/alleles 30/9 136/24 12/11 2/1 38/11 37/14 2/2 2/1 259/49
 *  Excluded in the table are genotypes with an overall count below 2, all mixed samples, and samples not positive at both loci. The district Ampara is excluded because the district only included 
2-loci genotypes with an overall count of 1. Sample size and number of different alleles by district for all 9 districts are included in the table. In brackets are abbreviations of the geographical loca-
tion of the districts, N = North, NW = North-West, NC = North-Central, E = East, and SE = South-East . 
 †  Highly significant linkage disequilibrium between the two microsatellite alleles are found when pooling all samples into one population. 
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of special biological features such as early gametocytogen-
esis and the ability to relapse. Regarding relapses, a study 
has found that relapsing parasites often are of a different 
genotype than those that dominated the initial infection, 37 
and together with the presence of continuous relapse infec-
tions this will increase genetic diversity of vivax popula-
tions. However, relapses on Sri Lanka are expected to be low 
because of the general recommendations of treating vivax 
infections with a combination of chloroquine and the hypno-
zoitocidal drug primaquine. 
 In conclusion, our study found that the three loci together 
are efficient markers for estimating genetic diversity of 
 P. vivax populations in Sri Lanka. The patterns of diversity 
indicate local transmission and may be used to describe occa-
sional epidemic expansions of  P. vivax infections, which is rel-
evant for current efforts of malaria elimination. 
 Received May 27, 2011. Accepted for publication September 12, 2011. 
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